The present work investigates Power-to-Gas (PtG) options for variable Renewable Electricity storage into hydrogen through lowtemperature (alkaline and PEM) and high-temperature (SOEC) water electrolysis technologies. The study provides the assessment of the cost of the final product when hydrogen is employed for mobility (on-site refueling stations), electricity generation (by fuel cells in Power-to-Power systems) and grid injection in the natural gas network. Costs estimations are performed for 2013-2030 scenarios. A case study on the impact of variable Renewable Electricity storage by hydrogen generation on the Italian electricity and mobility sectors is presented.
Introduction
Variable renewable energy sources (V-RES) from wind and solar power are expected to meet an increasing share of the overall demand of electricity consumption in Europe [1] . High V-RES penetration scenarios generally will require a combination of the following strategies to maintain power grid reliability: the installation of new transmission lines (according to the amount of RES in the energy mix); the re-design of electricity distribution grid toward smart grid concepts; the installation of electric energy storage (EES) options (each option can absolve only specific time scales; e.g. H 2 -based, compressed-air and pumped-hydro energy storage are fit for bulk electricity storage (daily or longer), while batteries are mostly intended for voltage regulation); the installation of reserve power for fast ramp-up during peak load hours; demand response protocols.
The installation of electric energy storage (EES) systems is thus one of the possible means to provide balancing services to the grid. EES should also play a significant role in arbitrage markets, in which the revenue comes from price differences between two market prices. Energy storage charges when low-price electricity is available (e.g., during off-peak and/or night hours), and discharges it during periods of high prices. The economic reward comes from the different market prices of electricity, reduced by the losses occurring during the round-trip conversion of electricity [2] . Looking at the technologies able to store large quantities of electricity (for daily, or even longer time-periods), 99% of the market is taken now in Europe from pumped-hydro energy storage (PHES). Compressed air energy storage (CAES) is also a well-proven option, which is re-gaining momentum. Both PHES and CAES suffer of geographical constraints. Pumped-hydro systems require heights of hundreds of meters to be able to store bulk energy quantities. In addition, infrastructure is required to build the water reservoirs (uphill and downhill) and to connect them via pipeline. CAES requires instead large volumetric under-ground reservoirs (e.g., salt caverns) to store the pressurized air. H 2 -based energy storage systems, by contrast, are essentially geographically un-constrained and high volumetric energy densities can be easily achieved by storing electricity in a chemical fuel rather than in potential (PHES) or mechanical (CAES) energy.
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The conversion of energy from electrical into chemical form through the synthesis of hydrogen -the Power-toGas (PtG) storage -also presents the advantage of storing electricity in a multi-purpose energy carrier. In fact, hydrogen can be either stored for deferred electricity production (i.e., EES by Power-to-Power application of PtG) or used as fuel for transportation and even injected in the existing natural gas (NG) network (even though some limitations apply on the maximum amount of H 2 gas that can be injected into the NG pipeline) [3] .
Power-to-Power (PtP) systems are based on the concept of producing hydrogen via electrolysis when surplus electricity is available, thus storing energy as compressed hydrogen gas. When power demand is high, fuel cells are used to re-convert the stored hydrogen back to power. The basic technologies on which PtP systems are based are the electrochemical cells, which can be used both for water electrolysis to produce hydrogen and also for the generation of electricity from the stored hydrogen (fuel cells). Those systems in which the electrochemical cells can be operated both as electrolyzers and fuel cells are reversible PtP systems, which thus use the same device for electricity storage and hydrogen re-electrification. Recently, much attention has been drawn by the high temperature reversible solid oxide cells (R-SOCs) [4, 5] , whose round-trip efficiency has been estimated as high as 63% during charge-discharge experiments [6] .
The appropriate metric to compare the economic performance of different EES plants is the levelized-of-costelectricity (LCoE), also called the levelized-cost-of-flexibility. This metric looks at the (minimum) cost of the produced electricity (i.e., output electricity from the EES system) in order to make the investment profitable once both capital and operating costs of the plant are known, as well as the financial structure of the investment. In the limiting case in which the input price for electricity is zero (i.e., no market demand for electricity, or congestion on the transmission lines), the resulting LCoE should be lower than average electricity prices in peak-hours to make the EES plant profitable. In the study of FCH-JU released in 2015 [1] , the calculated LCoE for a simulated energy intensive application with 8 hr of charge every day, and discharge for the same duration within the same day, were 24 and 49 €/MWh (2013 scenarios) for PHES and CAES, respectively.
When the hydrogen obtained by electrolysis is not re-converted to electricity, the economic performance of PtG must be evaluated by comparing the cost of H 2 with that of competing products on the market. Looking at the mobility sector, a competitive cost of H 2 fuel against gasoline and other fossil-derived fuels should be around 4 US$/kg of H 2 (value extrapolated from [20] ). According to the 2011 report from Saur and Ramsden [7] , producing wind-based hydrogen via low-temperature electrolysis at about 4 $/kg of H 2 is feasible. The current production price for the mobility sector claimed by FCH-JU is instead 13 €/kg (reference year: 2012) [8] .
Techno-economic assessment of PtG: methodology
The present analysis is focused on the techno-economic assessment of Power-to-Gas (PtG) systems for the conversion of V-RES electricity into H 2 though water electrolysis for mobility, power generation (by fuel cells) and grid injection applications. Two scenarios were considered in the study for the estimation of the costs: the first is based on the state-of-the-art technologies for water electrolysis and fuel cells at 2013; the other is based on the projections for the investment costs of electrolyzers and fuel cells at the year 2030 given by FCHJU [1, 8] .
System description
The schematic of the analyzed systems is depicted in Figure 1 . In the PtG options considered, the electricity produced by variable RES is converted into hydrogen by water electrolysis and the produced hydrogen is stored in gas holders. Three different water electrolysis technologies are considered in the analysis: alkaline electrolysis, based on a low-temperature (80-90 °C) liquid electrolyte, Proton Exchange Membrane (PEM) electrolysis, based on a low-temperature (40-80 °C) solid electrolyte and hightemperature (650-850 °C) electrolysis based on solid oxide electrolysis cells (SOEC). The low-temperature technologies considered can directly produce pressurized hydrogen, while the SOEC technology is not yet mature for the operation under pressure, even if the operation up to 15 bar has been demonstrated at lab-scale [9] . A storage pressure of 20 bar is considered for the analysis, and both PEM and alkaline electrolyzers can deliver hydrogen at that pressure level. The SOEC electrolyzer is assumed to operate at ambient pressure in the 2013 scenario, thus a hydrogen compressor is considered for the SOEC-based system in order to deliver the H 2 to the storage, while the pressurized operation at 20 bar is assumed in the 2030 scenario. In all the three cases (i.e., alkaline, PEM and SOEC), pure H 2 is assumed to be available at ambient temperature at the electrolyzer outlet for the storage and/or compression. The efficiencies of the electrolysis systems have been assumed from the literature for large size (i.e., MW) systems (see Table 1 ), and an electrolyzer size of 10 MW (input electrical power) has been selected for the analysis. The compression stage needed in the SOEC case for the 2013 scenario has been modeled in Aspen Plus® considering an isentropic compression efficiency of 0.75 and an electro-mechanic efficiency of the compressor of 0.95 [10] . The same values of efficiencies have been assumed for all the other compressors in this work.
Three different uses of the stored hydrogen were considered in the analysis: injection in the natural gas (NG) grid, re-electrification for Power-to-Power applications and on-site vehicle fuelling for mobility.
Hydrogen injection in the NG grid is a promising option for transferring RES electricity stored in a gaseous carrier from generation areas to users using the already existing gas infrastructure and avoiding (or delaying) the construction of new power networks. In this way, an increase of the installed RES power at national level can be managed by the NG grid without generating power grid congestion issues. In the present analysis, hydrogen is available from the electrolysis section at 20 bars and directly compressed at 75 bar and injected into the NG network without intermediate storage, as it is assumed that the grid can accept at any time the H 2 injection. The compression section has been modeled in Aspen Plus® by a two-stage reciprocating compressor with intercooling.
Fuel cells are currently the only reliable and efficient option for on-site electricity production from the stored hydrogen, as gas turbines fuelled by pure hydrogen currently do not exist at commercial level and hydrogen-fuelled internal combustion engines present low efficiency and technical issues [3] . Following the same approach adopted for the electrolysis, three fuel cells technologies have been considered in the analysis: alkaline, PEM and SOFC. The three technologies operate at the same pressures and temperatures of the electrolyzers described before, and a 10 MW size (output electrical power) has been assumed. Electrochemical cells based on proton exchange membranes and solid oxides are reversible devices, and the operation of PEM and SOC systems as both electrolyzers and fuel cells has been assumed in the present analysis. The reversible operation is a clear advantage from the economic point of view, as both electricity storage into H 2 and hydrogen re-electrification can be performed in the same device, due to the fact that electricity storage and H 2 re-use take place at different times. To the authors' knowledge, reversible alkaline systems were never investigated, thus the reversible application of this technological option has not been considered in the analysis.
The use of hydrogen for mobility purposes in electric vehicles driven by fuel cells engines is the third application included in the analysis. An on-site refueling station sized for an average refueling rate of 1000 kg/day has been selected [11] . A gas storage (20 bar) has been assumed between the electrolyzer and the refueling station, as hydrogen is produced when there is RES availability, while demand occurs during the whole year. Inside the station, hydrogen is compressed to 875 bar by a five stage intercooled compressor and stored into dispensers for vehicle injection. The efficiency of the refueling station has been calculated by simulating the system in Aspen Plus®.
Methodology and assumptions
The techno-economic assessment of the selected PtG options in based on known values of energy efficiency and investment cost of each section of the system. The efficiencies of electrolysis and fuel cell sections have been taken from the literature looking at large size systems (i.e., MW size). All the values used in our analysis are listed in Table 1 (efficiency values include both electrochemical conversion and parasite consumption from balance of plant, i.e., heat exchangers, gas blowers, etc.). The specific electricity consumptions of hydrogen compression sections evaluated by energy simulations are: 2.2 kWh/kgH 2 for SOEC hydrogen compression (from 1 bar to 20 bar) in the 2013 scenario, 0.73 kWh/kgH 2 for grid injection and 2.5 kWh/kgH 2 for the refueling station. The profitability of the PtP application has been evaluated using the metric known as Levelized Cost of Electricity (LCoE) [1] . The LCoE takes into account all the actualized investment (CAPEX) and operating (OPEX) costs of the electricity conversion to hydrogen, gas storage, compression and reconversion to electricity, and puts them in relation with the amount of energy (i.e., electricity) produced by the system. The LCoE thus evaluates the total costs per MWh of product of the PtG system, and it is calculated as follows:
where Fuel is the cost of fuel, which is considered zero in the analysis, as the PtG system is assumed to be feed by surplus electricity produced by RES that cannot be delivered to the grid, and r is the discount rate (5% assumed). The profitability of PtG applications for mobility and grid injection has been evaluated in a similar way, by using the amount of produced hydrogen instead of the electricity. The CAPEX for electrolysis and fuel cell systems has been evaluated from the literature, while the cost of hydrogen storage and compressors by using cost functions of equipments [12] . The CAPEX values depend on the size of the equipments, and all the system components sizes have been selected in order to be suitable for a plant based on a 10 MW el electrolyzer. The CAPEX of electrolyzers and fuel cells expressed per unit of power are reported in Table 1 with the related references.
The investment costs for PEM and SOC technology are assumed to be the same for fuel cells and electrolyzers, since reversible cells have been selected, and thus the equipment is the same for both electrolysis and fuel cell operation. The alkaline system has different costs as the electrolyzer and fuel cell are different devices. The size of the fuel cell system is also considered to be 10 MW el , assuming that electrochemical systems can operate with a total reversibility. The CAPEX values selected for 2013 are the highest in the ranges reported by the Fuel Cells and Hydrogen Joint Undertaking (FCHJU) [1, 8] , in order to perform a conservative analysis for the today's scenario. The values adopted for 2030 are in the lower range of the costs, in order to present an optimistic scenario for 2030. The CAPEX of hydrogen compressors has been estimated to be 2100 €/kWfluid [12] , the storage cost is 225 €/m 3 [12] (storage dimensioned for one week storage of a 10 MW el electrolyzer), and the total CAPEX of the refueling station is 3.2 M€ (1000 kgH 2 /day size) [11, 12] . The annual OPEX has been assumed to be the 2% of the CAPEX for all the equipments, following FCHJU assumptions [1] . The lifetime of equipments is assumed to be 20 years.
The evaluation of the energy commodity produced by the PtG system (i.e., electricity for PtP, H 2 for mobility or grid injection) requires to know the yearly operating hours in order to calculate the amount of electricity/hydrogen generated during the lifetime of the system. Variable RES are not available for all the hours of the year, and consequently the installed electrolyzer capacity cannot be fully exploited during the lifetime of the system. For the Italian scenario, variable RES currently have a capacity factor near 20% [16] [17] . This means that the installed RES power in Italy is fully exploited for a number of hours equivalent to 20% of the total hours of the year. In the analysis it is assumed that the electrolyzer works at full power for this number of hours, and the electricity/hydrogen produced is calculated consequently by taking into account also the efficiency of electrolysis, compression and reelectrification processes. In fact, it is assumed in the calculations that all the energy consumed in the PtG processes analyzed is provided only by RES, thus a part of the electricity provided by wind or sun to the PtG system is consumed in the transformation processes and it is not available in the useful product.
Results and discussion
Results are presented for a today's scenario, for which efficiencies and costs have been calculated using literature data of state-of-the-art technologies in 2013, and for an optimistic scenario in which the costs of electrolyzers and fuel cells have been estimated at 2030 following FCHJU projections. The potential impact of hydrogen-based PtG on the actual Italian energy system is also assessed.
Electricity generation (PtP)
The calculated LCoEs for stored electricity are presented in Table 2 for both scenarios. The LCoEs evaluated for all the combinations of technologies in the 2013 scenario are sensibly higher than that of PHES (18-42 €/MWh el ) and CAES (27-49 €/MWh el ) estimated by FCHJU for the same year [1] . The lowest LCoE (332 €/MWh el ) is achieved for a PtP system based on alkaline electrolysis and PEM fuel cells, mainly due to the high efficiency and low CAPEX of the alkaline electrolyzer. Moreover, alkaline and PEM electrolyzers operate in pressurized conditions, thus avoiding the need for hydrogen compression for the storage. The LCoE of alkaline-PEM combination is comparable with the less optimistic cost evaluations at 2013 provided by FCHJU for PtP systems based on NaS, V-Flow and Lead batteries (238-379 €/MWh el ) [1] . The options that involve SOC cells have the highest LCoEs due to the very high investment cost for SOC technology today and to the atmospheric operation that impose an expensive compression for hydrogen storage. The LCoEs evaluated for SOC-based PtP options are even higher than the today's less optimistic cost evaluations for Li-ion batteries (573-754 €/MWh el ) [1] .
The 2030 scenario shows sensibly lower LCoEs. In particular, the PtP systems based on reversible PEM and SOC achieve very low LCoEs (respectively 56 and 78 €/MWh el ). These costs are competitive also with the optimistic FCHJU projections at 2030 for energy-intensive applications with CAES and batteries (37-76 €/MWh el ), with the exception of PHES that still achieves the lowest LCoE (24 €/MWh el ). The strong reduction of investment costs and the projected SOC capability of working under pressure are the drivers of the LCoE reduction for R-SOC based PtP systems.
Mobility and Grid injection
The fuel cost of hydrogen for mobility and grid injection applications is presented in Table 3 for both scenarios. The hydrogen produced for grid injection has the lowest costs in all the scenarios and for all the electrolysis technologies, due to the lower investment cost for the grid injection system with respect to the vehicle refueling option that requires higher pressures and consequently costlier equipments.
In the today's scenario (2013) the hydrogen produced by alkaline electrolysis achieves the lowest cost (5.0 €/kg H 2 ), which nearly complies the competitive target cost of 4 US$/kg of H 2 [20] . It is worth noting that the on-site hydrogen refueling has been considered in the analysis performed, while supplying the hydrogen to fueling stations distributed on the national territory through road transport or by dedicated pipelines will add the cost of hydrogen transport from the generation facility to the refueling station. In the future scenario (2030) the cost of hydrogen will be very similar for all the technological options, with a very strong cost reduction (90%) for the SOEC-based option. Cost values of 2.0-2.3 €/kg for mobility and 1.0-1.2 €/kg for grid injection are evaluated. It is worth noting that the transportation of hydrogen in the existing natural gas infrastructure entails several issues which could be sources of additional costs. The main ones are gas leakage and higher energy consumption for pipeline delivery through compression with respect to methane -due to the lower density of hydrogen -and also lower durability of pipeline materials exposed to hydrogen [21] . The estimation of additional transport costs depends on hydrogen fraction and grid architecture, and was not included in this work.
Impact of hydrogen-based PtG on the Italian energy system
The impact of the PtG options analyzed in the present Italian electricity and mobility sectors has been assessed. The total V-RES power capacity (i.e., solar and wind) installed in Italy at 2015 is 28 GW [18] . Assuming that V-RES capacity is doubled and all the new installed power is connected to hydrogen-based PtP systems in order to avoid congestion of the electricity network, we calculated the fraction of the fossil electricity (217 TWh in 2013 [19] ) that the new RES will substitute; results are shown in Table 4 for all the electrochemical technologies assessed in this work. The best PtP option is that based on SOEC and alkaline fuel cells, which can lead to the highest RES integration -22.8 TWh, corresponding to 10% of fossil electricity substituted -with 46% of round-trip efficiency. Looking at the transportation sector, 245 TWh of fossil fuels (gasoline and diesel) were consumed in Italy during 2013 [19] . The calculated V-RES capacity that is required to produce the equivalent hydrogen is 252 GW for PtG based on alkaline electrolysis, 280 GW for PEM-based PtG and 182 GW for SOEC-based PtG, with an assumed capacity factor of 20% for the RES. This means that a full conversion of the transport sector to hydrogen mobility will require the installation of at least 6.5 times of the actual V-RES capacity, if the most efficient electrolysis option (SOEC) is considered for H 2 production.
Conclusions
The work investigated Power-to-Gas options for variable RES storage into hydrogen through low-temperature (alkaline and PEM) and high-temperature (SOEC) water electrolysis technologies. A techno-economic assessment was performed for three different applications of the RES-produced hydrogen: injection in the natural gas (NG) grid, re-electrification (PtP) and on-site vehicle fuelling for mobility. The LCoE of stored energy has been estimated for the three applications in two scenarios, one based on the state-of-the-art technologies for water electrolysis and fuel cells in 2013, and the other based on costs projection from FCHJU for electrolyzers and fuel cells at the year 2030.
The results show that in the 2013 scenario, the Power-to-Power system based on alkaline electrolysis and PEM fuel cells represent the most cost-effective solution, which can compete with EES systems based on batteries (i.e., NaS, V-Flow and Lead batteries) achieving an LCoE of 332 €/MWh el for the stored electricity. This cost is far higher than that of large-scale electricity storage systems based on CAES and PHES, and incentives are needed to promote the introduction of hydrogen-based EES on large-scale. In the mobility sector, the today's scenario (2013) shows a cost of 5.0 €/kg for the hydrogen produced by alkaline electrolysis, which is already nearly competitive on the market if vehicle refueling is performed on-site (i.e., where hydrogen is generated). Hydrogen injection in the NG grid presents lower costs in all the scenarios with respect to vehicle refueling, due to the lower investment cost of the grid injection system that requires lower pressures and consequently cheaper equipments.
